The textures of experimentally produced ultramafic partial melts show consistent and significant deviations from the morphology predicted by isotropic equilibrium theory. Flat crystalline interfaces are pervasive in these systems and they coexist with smoothly curved boundaries which are predicted by the isotropic theory. Long-duration experimental runs on olivine-basalt mixtures held at pressures between 1.0 and 2.0 GPa and temperatures from 1350øC to 1400'C were evaluated. Scanning electron microscope images of samples with 2.5 or more volume percent melt showed at least 20% of observable grain boundaries to be wetted by the melt. In addition, approximately 60% of the melt tubules occurring along triple junctions in this sample were found to have at least one flat interface, an effect which increases the ratio of permeability to porosity. Both the experimental evidence and theoretical considerations indicate that the flat faces are stable equilibrium or steady state features in these partial melts, and that they are crystallographically controlled. The crystal-melt morphology is influenced by the crystalline equilibrium habit (obtained from minimization of surface energies of individual crystals) under the constraints of polycrystalline aggregates. A dependence of the style of melt distribution on melt fraction was observed in these runs. At very low melt fractions (less than 1 vol %) the texture is dominated by melt-filled triple junctions and mostly dry grain boundaries, whereas at higher melt fractions (but below 5 vol %) more melt pockets and melt films along grain boundaries appear. An interpretation of the observed texture is made, applying established crystal growth and interface theories to steady state partially molten systems. The extensive occurrence of flat or faceted crystallographic faces in partial melts requires major changes in the modeling of their permeabilities, as well as bulk elastic, anelastic, and electrical properties, from existing models of melt distribution. In regions of the upper mantle where olivine lattice preferred orientation is expected (e.g., in the vicinity of mid-ocean ridges) the presence of faceted faces and associated changes in melt distribution will produce anisotropic permeabilities and changes in seismic attenuation. , 1991], and the olivinebasalt mixtures used in our laboratory. Little attention has been given to the flat interfaces. We regarded them, apparently along with other researchers, to be unimportant as determinants of partial melting geometries for the mantle. They were interpreted as the result of transient, localized recrystallization associated mainly with dissolution of small olivine grains. Because time scales in the earth are considerably longer than in laboratory experiments, these features were, using this interpretation, expected to disappear in mantle partial melts.
EXPERIMENTAL EVIDENCE FOR COE)flSTING FLAT AND CURVED INTERFACES IN OLIVINE-BASALT PARTIAL MELTS

Experimental Procedures
Three recent experiments were conducted in a conventional piston-cylinder apparatus to assess the effects of olivine anisotropy on the crystal-melt morphology, as olivine is known to have the strongest anisotropic properties among the important upper mantle minerals. The starting materials and experimental conditions are given in Table 1 , and the starting compositions and postrun olivine composition of run 3 are shown in Table 2 . The sample material was not dried prior to encapsulation in the sample chambers, and starting olivine grain size was between 45 and 62 I. tm. The basalt was very finely powdered and mixed with the olivine. A cross section of the sample chamber assembly used in runs 2 and 3 is shown in Figure 1 . This assembly provides stable pressure and temperature conditions for durations of at least 1 month based on calibrations performed using the quartz-coesite and liquid-solid gold phase transitions, and on the observation of constant furnace power input for maintenance of a given temperature after initial stabilization. Tungsten-5% rhenium versus tungsten-26% rhenium thermocouples were used for temperature measurement because of their known long term stability at high temperatures. During quench, temperature dropped by more than 300øC during the first second. For conditions of earlier runs which are also discussed in this paper, see Bulau [1979, 1982] and yon Bargen and Waft [1988] . An almost purely hydrostatic stress environment was achieved in these runs. This was indicated by the extremely low measured edge dislocation density of an olivine crystal from a previous experiment at similar P,T conditions and duration run in this laboratory (R.F. Cooper, private communication, 1984) .
Sample Evaluation
Run products were evaluated as follows: (1) electron microprobe analysis was used to determine phase compositions and homogeneity, (2) back scattered electron (BSE) images were obtained with a scanning electron microscope to portray texture, and (3) universal stage optical microscopy was used to determine crystal axes of selected grains. For these purposes, 20-to 30-I. tm-thin sections from vertical slices through the center of the sample were mounted on glass slides and polished Compositions are given in weight percent.
a Hualalai olivine.
b San Carlos olivine, average of 10 points before the experiments.
½ Postrun olivine, average of 10 points.
d Average of 7 points.
e FeO is total Fe reported as FeO.
but not etched. Etching tends to selectively remove glass which can compromise textural observations. Microprobe analysis of postrun olivine grains indicates that they were of uniform composition throughout the samples. With a 2 I. tm beam diameter no zonation could be detected when stepping from the core to the rim of a grain approximately 65 I. tm in diameter. Reaction of the prerun San Carlos olivine with the basalt is indicated by slight Fe and Ca enrichment and loss of Ni during the experiment (Table 2 ). The melt fractions of runs 2 and 3 were 3.5 vol % and 2.5 vol % _+0.5%, determined by point count on the microprobe. The melt fraction of run 1 was estimated at less then 1 vol % from BSE images. Very small uniform quench borders (less than one I. tm thick) are observed on olivine grains in run 3, similar to those described by Green [1976] . However, they do not alter the texture significantly because of their relatively small thickness compared with the average grain size. Grain boundaries are not visible in the BSE images of polished but not etched samples unless they contain some material such as glass, whose mean atomic number differs from that of the olivine grains (cf. Figure 2) . The presence of glass on some grain boundary surfaces away from edge intersections may have been obscured in the past by mild etching of the surface and by poorer instrumental resolution. Optical photomicrographs tend to obscure the grain boundary-melt geometry by averaging images over a finite focal depth range. It is, therefore, often difficult to match them with BSE images of the same part of the sample.
Experimental Observations
We observe the following types of melt geometries: (1) meltfilled triple junctions with smooth curvature at all three grain intersections, mostly less than 4 pm wide (Figures 3 and 4 that the stability of certain crystalline F faces will provide for an increasing number of adjacent grains separated by melt films with increasing melt fraction.
Grain Boundary Wetting
Comments are in order concerning the wetting of F faces which we have indicated are minimum surface energy features of the crystal habit. The crystallographically controlled F faces are minimum surface energy features of the crystal habit when the crystal is isolated from other crystal grains and is only in contact with its melt. In a polycrystalline aggregate the grain boundary energy is directly related to the number density and magnitude of unsatisfied bonds existing across the interface. An F face controlled by one crystal grain will force the grain boundary between it and an adjacent crystal to remain flat, but it does not also constrain the energy of the grain boundary separating the two crystals to be small, even though its surface energy, when in isolation from other grains, may be small. The misfit of bonds across the boundary can be quite large when one of the adjoining crystals constrains the boundary to be one of its F faces. Therefore the presence of melt between two grain boundaries can lower the total grain boundary energy for some relative grain orientations. An indication that grain boundary orientation determines the wetting behavior is given in Figure 8 , where melt separates the grains labeled I and II, but the same grain boundary of grain I with grain Ili is dry.
Intergranular, highly siliceous glass phases with thicknesses of the order of 1 nm have been reported for a variety of ceramic materials [cf. Clarke, 1987] . These films are produced under partially molten conditions. Clarke [1987] showed that an attractive Van 
Preferred Crystallographic Orientation
Both theory and the frequency of occurrence of the (010) faces in natural olivine-bearing rocks and experimentally produced ultramafic partial melts emphasize their existence and stability within rocks of the upper mantle.
Although needed experimental data are incomplete, the potential consequences of these F faces to partial melt physical properties, especially when lattice preferred orientation (LPO) occurs, are sufficiently important that we believe they should be pointed out. Examples, which will be elaborated below, are that the prevalence of some crystalline F faces may help explain the retention of melt beneath oceanic crust away from the ridges, and the focusing of melt toward mid-ocean ridges. Thompson, 1987] . If they remain wetted in the upper mantle, as we typically observe in laboratory experiments, then enhanced horizontal and diminished vertical permeability should occur in any remaining regions of partial melt where this fabric is developed. We expect this behavior to dominate at the moderately high degrees of LPO typically derived from ophiolites and also required to explain observed upper mantle seismic anisotropy. On the other hand, crystallographic alignment can be strong enough to expel melt from the F faces. It is well known that strong grain boundary energy reduction occurs with very low mismatch angles of tilt or twist between grains in metal systems [cf. Van der Merve, 1950; Read and Shockley, 1952] . Qualitatively similar behavior is expected in silicates. However, the very high degrees of intergranular alignment required to expel melt from otherwise wetted grain boundaries which involve both tilt and twist misorientations occur infrequently in upper mantle sections of ophiolites [Christensen, 1984] . In addition, the degree of olivine LPO required to fit observed upper mantle seismic anisotropy appears to be too weak to produce a large fraction of very low angle grain boundaries. Therefore, we consider it likely that LPO attained in upper mantle rocks is sufficient to produce permeability anisotropy through aligned, wetted F faces, but not generally great enough to significantly reduce the wetting of F faces of olivine grains. If this speculation is correct, then the required vertical alignment of olivine b axes and horizontal alignment of (010) With the increased bulk diffusivities which would result from the presence of melt, reorganization of crystal surfaces to minimize surface energy will be significantly faster than the time scales of the flow beneath ridges.
Effects of F Faces on Partial Melt Bulk Physical Properties
Several important bulk physical properties of partial melts, in addition to permeability, will also be significantly effected by the presence of F faces. Bulk rock viscosity will be reduced by the presence of melt films wetting a significant fraction of the grain boundaries by increasing the bulk rock diffusivity and possibly enhanced grain boundary sliding. O'Connell and Budiansky [1977] and Schmeling [1985] have shown that melt inclusions with very small aspect ratios, such as melt ffims between grain boundaries, have the most profound effect on seismic velocities and attenuation. Schmeling [1986] finds qualitatively similar effects on electrical conductivity. Both of these bulk physical properties of mantle partial melts are expected to be anisotropic for anisotropic melt distributions. If melt tubules occurring along triple junctions within partial melts in the upper mantle are limited in effective cross sectional area, as we observe experimentally, then the effects of F faces on all the aforementioned bulk physical properties will be strongly accentuated.
SUMMARY
The main conclusions of this paper are as follows: (1) Experimental and theoretical evidence demonstrates that crystallographically controlled, flat crystalline interfaces exist as stable, pervasive features in steady state or near-equilibrium partial melts representative of the Earth's upper mantle, and (2) their presence has to be accounted for in models of melt extraction and other bulk physical properties. Accordingly, the wetting angle is not the only parameter governing the distribution of melt in a crystalline matrix for most melt fractions. The equilibrium habits of constituent mineral phases, with their associated crystallographically controlled F faces, will also exert a strong influence on the steady state or equilibrium morphology of ultramafic partial melts. A dependence of the style of melt geometry on melt fraction is observed in the high-P, high-T experiments reported in this paper, which indicates that flat crystal faces become increasingly important at higher melt fractions.
Although it is clear that the equilibrium crystal habits of constituent minerals will exert a strong influence on partial melt textures, more experimental data are needed for quantitative evaluation with regard to melt fraction and other parameters. It can, nonetheless, be stated qualitatively that the crystallographically controlled flat interfaces can produce anisotropic permeability in regions of the upper mantle where strong lattice-preferred orientation occurs. This mechanism may help explain the focusing of melt toward mid-ocean ridges and the possible trapping of some melt in the oceanic asthenosphere flowing away from ridges over extended periods of time.
